Depressive symptoms in subjects at Clinical High Risk for Psychosis (CHR-P) or at first-episode psychosis (FEP) are often treated with antidepressants. Our cross-sectional study investigated whether brain morphology is altered by antidepressant medication. High-resolution t 1 -weighted structural MRI scans of 33 CHR-P and FEP subjects treated with antidepressants, 102 CHR-P and FEP individuals without antidepressant treatment and 55 controls, were automatically segmented using Freesurfer 6.0. Linear mixed-effects modelling was applied to assess the differences in subcortical volume, surface area and cortical thickness in treated, non-treated and healthy subjects, taking into account converted dosages of antidepressants. Increasing antidepressant dose was associated with larger volume of the pallidum and the putamen, and larger surface of the left inferior temporal gyrus. In a pilot subsample of separately studied subjects of known genomic risk loci, we found that in the right postcentral gyrus, the left paracentral lobule and the precentral gyrus antidepressant dose-associated surface increase depended on polygenic schizophrenia-related-risk score. As the reported regions are linked to the symptoms of psychosis, our findings reflect the possible beneficial effects of antidepressant treatment on an emerging psychosis.
. Multiple findings indicate that CHR-P and FEP show similar functional 11 and structural brain abnormalities 9, 10, 12, 13 , but it is unclear to what extent they reflect genetics, general distress, medication effects or are unique features associated with the at risk stage of the disorder. The psychosis vulnerability seems associated with progressive nonlinear morphological changes, to which the pleiotropic genetic factors, the medication and non-genetic factors may contribute [14] [15] [16] . CHR-P subjects show structural abnormalities in frontal, cingular and temporal cortices, insular regions, temporal gyrus and some of these changes may be predictive of later transition to psychosis [16] [17] [18] [19] [20] [21] [22] [23] [24] . [47] [48] [49] [50] . A recent study of affective psychoses 51 did not detect long-term antidepressant effect on any brain regions, although -like in other studies -only general presence or absence of antidepressants was used as a predictor.
As the goal of ongoing international research efforts is to establish reliable brain markers to complement clinical features for the prediction of psychosis onset, it is crucial to disentangle disease and medication effects on brain morphology in CHR-P and FEP individuals. Therefore, the aim of our investigation was to study whether morphological features such as cortical thickness, surface area and subcortical volume were altered after administration of antidepressant medication in CHR-P and FEP subjects. The focus on subcortical volumes is based on previous studies in FEP 14, 52, 53 and UHR 54, 55 patient showing alterations in these cohorts relative to healthy volunteers. Cortical thickness and surface area were further considered because such surface-based measures are probably more sensitive to detect brain alterations in early phases of psychosis 56 .
As there are only a few studies showing an impact of antidepressant medication on volume, thickness and surface 26, 51 in CHR-P and FEP, we investigated the influence of antidepressant dose on the whole-brain. As shown in the cited literature, antidepressant effect is often linked to modifications in the frontal regions and in hippocampus, and we expected to register the structural effects primarily in these regions.
While in CHR-P and FEP the transition risk and morphology 57 are co-modulated by genetics, our additional aim was to identify if there is an impact of combined cumulative estimate of known genomic risk loci (polygenic schizophrenia-related risk scores or PSRS 58 ) on the effect of antidepressants on brain morphology in CHR-P and FEP, as subjects with high/low genetic risk might have different medication effect because of the different illness endophenotypes or a genetic overlap between pathogenesis and drug action 59 . Although a recent study 60 did not find evidence of genetic overlap between schizophrenia risk and subcortical volume, several studies have already reported an association of a PSRS with brain volume [61] [62] [63] . Our focus on analysing the interaction of PSRS and antidepressant medication on thickness, surface and subcortical volume is novel in the context of previous studies and we hypothesise that the antidepressant medication effect on brain morphology may depend on the genetic predisposition for psychosis.
Results
Demographics and clinical characteristics. Samples with and without genetics data (Table 1) exhibited no significant differences (p > 0.05) in age, handedness or IQ. SANS did not differ between CHR-P and FEP. There were significant differences between groups in sex distribution in the full sample (p < 0.001), but not in the PSRS subsample (p > 0.05), and in the years of education distribution in the full sample (p < 0.001), but not in the PSRS subsample (p > 0.05). In both samples, there was a significant between-group difference in overall BPRS (both samples p < 0.001), cannabis consumption (p = 0.007, p < 0.001) and GAF (both samples p < 0.001).
Morphometric differences.
We proceed reporting effects that survived FDR correction with a significance threshold of p < 0.05 followed by exploratory findings that survived an uncorrected threshold of p < 0.01. Table 2 shows a summary of the significant LME results for antidepressants dose effects on brain regions in the whole sample; Table 3 shows the regions for which an interaction between PSRS and medication was required to explain variations in surface or volume. subcortical volume. We detected a significant main effect of antidepressant dosage on the putamen (β = 0.0166, s.e. = 0.0053, p = 0.0019) and the pallidum (β = 0.0157, s.e. = 0.0049, p = 0.0016), both survived FDR correction. A Tukey post-hoc test revealed an enlargement trend in antidepressant-treated CHR-P and FEP subjects' subcortical volume. The left pallidum in the group of antidepressant-treated CHR-P and FEP subjects was enlarged compared to healthy controls (p = 0.04). The putamen was enlarged in antidepressant-treated CHR-P and FEP subjects compared to the non-treated CHR-P and FEP subjects (left p = 0.05, right p > 0.05) and healthy controls (left p = 0.003, right p = 0.006).
A group-wise Tukey post-hoc test showed that the medicated CHR-P group exhibited significant enlargement in the left putamen (p = 0.02) compared to unmedicated CHR-P and the medicated FEP group exhibited enlargement of the right putamen (p = 0.02) and bilateral pallidum (left p = 0.006, right p = 0.036) compared to the unmedicated FEP.
We also found the main effect of antidepressant dosage on nucleus accumbens (NAcc) (β = 0.0152, s.e. = 0.0051, p = 0.0033), but it did not survive the FDR correction. A Tukey post-hoc test revealed that left NAcc was enlarged in the group of antidepressant-treated CHR-P and FEP subjects compared to the non-treated CHR-P and FEP subjects (p = 0.02). There was a trend to enlargement in left NAcc in medicated FEP group (p = 0.03) -compared to the unmedicated group.
www.nature.com/scientificreports www.nature.com/scientificreports/ We found no significant interaction effects of antidepressant dosage and PSRS for subcortical structure volume. surface area. We detected a significant main effect of antidepressant dosage on the surface of the inferior temporal gyrus (β = 0.0154, s.e. = 0.0048, p = 0.0014, survived FDR). For the surface of the left inferior temporal gyrus the Tukey post-hoc test revealed the significant enlargement (p = 0.01) in antidepressant-treated CHR-P and FEP subjects compared to non-treated CHR-P and FEP subjects. www.nature.com/scientificreports www.nature.com/scientificreports/ We detected a significant main effect of antidepressant dosage on the surfaces of the fusiform gyrus (β = 0.0134, s.e. = 0.0049, p = 0.0067), the middle temporal gyrus (MTG) (β = 0.0151, s.e. = 0.0054, p = 0.0055), and the inferior parietal lobule (β = 0.0152, s.e. = 0.0053, p = 0.005) and they did not survive the FDR correction threshold.
The Tukey post-hoc test revealed the significant enlargements in antidepressant-treated CHR-P and FEP subjects compared to non-treated CHR-P and FEP subjects in the surface of the left fusiform gyrus (p = 0.01) and the right inferior parietal lobule (p = 0.048).
A group-wise Tukey post-hoc test registered the significant (p = 0.01) increase in the surface of the medicated FEP group compared to the non-medicated FEP group in a right inferior parietal lobule and the non significant (p > 0.05) trend to increase in the left fusiform gyrus, the left inferior temporal gyrus, the left inferior parietal lobule.
We found a significant interaction effect of antidepressant dosage and PSRS (Table 3) Fig. 3 ) and a non-significant increase trend in the lateral orbitofrontal cortex (p > 0.05; Fig. 4 ) in antidepressant-treated CHR-P and FEP subjects with increasing PSRS and current dose of antidepressants, but a slight decrease in non-treated CHR-P and FEP subjects.
Cortical thickness. We found no significant main effects of antidepressant dosage on the cortical thickness of the analysed regions nor an interaction effect between antidepressant dosage and PSRS.
LR tests. The LR tests (Tables S4 and S5) showed that the difference between the model pairs were significant (p < 0.01) for all models reported in Tables 2 and 3 , on the supposition that the antidepressant medication effect in the full sample and the interactions between PSRS and medication in the subsample were significant to explain variation in the data. The same test with 2 groups (CHR-P and FEP) excluding healthy controls confirmed our results for all models.
Correlation analysis. The correlation analysis between the surface and volume of brain regions and the BPRS, SANS and GAF in the full sample and in the PSRS subsample (Tables S2 and S3) 
Discussion
In an analysis of automatically segmented brain regions in CHR-P, FEP and healthy controls, we found a significant (FDR p < 0.05) main effect of current antidepressant dose on the volume of the pallidum and the putamen and surface of the inferior temporal gyrus. Furthermore, we found (FDR p < 0.05) that the surface of the postcentral gyrus, the paracentral lobule and the precentral gyrus can be linked to an interaction between antidepressants dosage and genomic risk score.
The volumes of the bilateral putamen and the left pallidum were enlarged in antidepressant-treated CHR-P and FEP compared to the untreated cohort and healthy controls. Diagnosis-related increases in the volume of pallidum and the putamen have been previously reported for schizophrenia and FEP patients 57, 64, 65 . Putamen and pallidum volume have been identified as predictors of positive symptoms and the duration of illness 52, 64 and it was shown that putamen lesions may lead to psychosis 66 . Moreover, the basal ganglia system has been associated with the dopaminergic hypothesis of schizophrenia 2 . We found a significant main effect of antidepressant dose on the surface of the inferior temporal gyrus. In particular, the antidepressant-treated CHR-P and FEP subjects exhibited enlarged surface of the left inferior temporal gyrus compared to the non-treated CHR-P and FEP subjects. In patients with psychosis a decreased volume [67] [68] [69] [70] [71] and surface area 72 in the inferior temporal gyrus was demonstrated. Therefore, our finding suggests that antidepressant treatment might increase surface area of the inferior temporal gyrus in early stages of psychosis.
In the subsample with calculated PSRS, we found an interaction effect between antidepressant dose and PSRS on the surface of the precentral and the postcentral gyri, and the paracentral lobule. With the rise in both antidepressant dosage and PSRS, the bilateral precentral gyrus, the right postcentral gyrus and the left paracentral lobule increased in surface -compared to non-treated CHR-P and FEP subjects, where a decreasing trend appeared.
Morphological and functional changes in these regions have been previously associated with psychosis: reduced surface area in the right postcentral gyrus have been reported in 22q11DS subjects 73 and patients with schizophrenia revealed significant reduction in surface area in frontal and parietal regions; 74 the displacement 75 , abnormal activation 76 and the reduction 77, 78 of the postcentral gyrus are characteristic for psychosis. The regions where the increase in PSRS is linked to the surface increase due to antidepressant treatment are connected to important clinical symptoms. The precentral gyrus has been associated with verbal hallucinations 79 , neurocognitive deficits and attentional deficits 80 . Connectivity changes in the postcentral gyrus with the dorsolateral prefrontal cortex are linked to the improvement in affective psychotic symptoms 81 .
www.nature.com/scientificreports www.nature.com/scientificreports/ According to our findings, one could suggest that antidepressant medication might have a stronger influence on surfaces than thicknesses. Their relation is contradictory, as there is evidence that they're negatively correlated 82 , but also that they're genetically unrelated and develop independently 83 . This is in agreement with our finding that only surface but not thickness shows an interaction between antidepressants and PSRS. So the effect of antidepressants might be genetically determined and only evident for surfaces. Future research is warranted whether the effect of antidepressants in FEP/CHR-P is specific for surfaces and whether it is determined by genetic predisposition.
The overall improvements in CHR-P and schizophrenia after antidepressant treatment reported in the literature are quite inconsistent 84, 85 . According to the study of remission from major depression 86 , remitters show increase over time and nonremitters show decrease in volume and thickness of cortical and subcortical structures.
The relationship between antidepressant dosage and morphology identified in our study should be further examined to determine whether antidepressants can efficiently alleviate symptoms and which dose is required; Table 3 . Summarized linear mixed effects models for antidepressants x PSRS interaction in the PSRS subsample. *P-value < 0.01, ***survived correction for FDR with P-value < 0.05, OFC: orbito-frontal cortex, lat.: lateral, surf: surface, vol.: volume, ADeq: antidepressant medication fluoxetine equivalents, PSRS: polygenic schizophrenia risk score.
www.nature.com/scientificreports www.nature.com/scientificreports/ some efforts are already ongoing 87 . Thus, determination of the dosage, start of prescription and combination with other drugs might be improved in subjects with emerging psychosis.
In further studies we consider using the duration of antidepressant admission because we cannot exclude a possibility that those receiving antidepressants may represent a different subpopulation.
The evidence of antidepressant effects on the morphophysiology of regions that have a possible link to clinical symptoms may provide a scientific rationale to support the notion that earlier antidepressant prescription for CHR-P patients could improve their clinical outcomes 34 . As the regional enlargements are negatively correlated to symptoms, the interactions between PSRS and antidepressant dose found in our pilot study of the PSRS subsample might also be of clinical interest as we could speculatively propose that subjects with higher PSRS may benefit Figure 1 . LME for significant interaction between antidepressants dosage and genomic risk score for the surface of the precentral gyrus. www.nature.com/scientificreports www.nature.com/scientificreports/ more from antidepressant treatment in order to reduce early symptoms and to limit the morphophysiological side effects. Thus, the translational significance of the findings is that these associations may influence the clinical choice of optimal medication in CHR-P and FEP subjects.
Our study had some limitations. Differences in cannabis consumption among groups may also have been influenced our findings, although the effect of cannabis on morphological brain measures in healthy volunteers and psychotic patients is inconclusive [88] [89] [90] [91] . It was not possible to calculate the cumulative lifetime treatment dose of antidepressants due to gaps in medical records. Nevertheless, further studies should include the lifetime dose, as mean dose provides incomplete information in cross-sectional paradigms. The mean antidepressant dose used in the clinic is relatively low and due to the presence of agents with a mixed range of pharmacological action and the limited sample size, we were unable to differentiate groups based on antidepressant types. Our sample size did not allow a meaningful statistical subanalysis to differentiate between the different clinical high-risk subgroups APS, BLIPS and GRD 9 . Given that their risk of developing psychosis is different 13 , future studies are advised to stratify their findings across these subgroups. The number of tests was large due to the multitude of regions possibly implicated in response to antidepressant treatment. The current inferences about the PSRS effect are speculative because of the modest sample, and the future studies should investigate different morphophysiological effects in low and high PSRS cohort, as more genetic data should be collected. The effect of disease stage should also be included in the larger sample. The underlying biological mechanism of these modifications needs to be further investigated.
In sum, to our knowledge, we have demonstrated for the first time the association of the converted antidepressant dosage on morphological brain changes and the interaction between antidepressants dosage and genomic risk score in CHR-P and FEP subjects. As most of the reported regions were shown as linked to the clinical symptoms of psychosis, our findings may contribute to explanations of the suggested beneficial effects of antidepressant treatment in this population.
Methods participants.
We use the cross-sectional data of 142 patients (72 FEP, 70 CHR-P) and 55 controls recruited in the FePsy (early detection of psychosis) study (see full Participants, Screening and Genotyping description in Supplementary materials). The PSRS data was obtained for a subsample of 61 patients: 32 FEP and 29 CHR-P, as well as for 14 controls. The data overlaps (n = 72) with our previous studies 57 . All participants provided written informed consent and received compensation for participating. The studies had permission from the ethics committee beider Basel (EKBB). All methods were performed in accordance with the relevant guidelines and regulations.
screening. The participants were assessed using the Basel Screening Instrument for Psychosis (BSIP) 92 . Subjects selected for the study by screening subsequently underwent an entry examination, which included the Brief Psychiatric Rating Scale (BPRS), Scale for the Assessment of Negative Symptoms (SANS), and a neuropsychological test battery. Inclusion criteria in the CHR-P group required (a) attenuated symptoms or (b) brief limited intermittent psychotic symptoms and genetic risk or schizotypal features, coupled with functional deterioration 93 . The transition to FEP required the occurrence of at least one positive psychotic symptom several times a week for a continuous period of time.
exclusion criteria. Age below 18 years, insufficient knowledge of German, IQ < 70, previous episode of psychosis treated with major tranquillisers for >3 weeks, a psychosis due to organic reasons or substance abuse, or psychotic symptomatology within a clearly diagnosed affective psychosis or borderline personality disorder.
Medication. The current mean converted antidepressants dose was 28.14 mg Fluoxetine equivalent 94 in the full sample and 29.53 mg for the PSRS subsample. The assignment of antidepressant treatment in our sample was non-random i.e. according to clinical needs and consisted of escitalopram (n = 10), fluoxetine (n = 4), citalopram (n = 2), paroxetine (n = 2), sertraline (n = 2); venlafaxine (n = 4); mirtazapine (n = 5); trazodone (n = 2) and bupropion (n = 1). The PSRS subsample included escitalopram (n = 3), fluoxetine (n = 4), sertraline (n = 1); venlafaxine www.nature.com/scientificreports www.nature.com/scientificreports/ (n = 4); mirtazapine (n = 2) and trazodone (n = 2) treatment. N = 38 subjects from the full sample and n = 12 subjects from PSRS subsample were medicated with second-generation antipsychotics (SGA). Current antipsychotic dose was converted into chlorpromazine (CPZ) equivalents 95 . The mean CPZ equivalents (s.d.) were 214.5 (271.1). N = 9 subjects were taking both SGA and antidepressants. No healthy control was medicated with antidepressants or SGA. N = 36 subjects from the full sample and n = 18 subjects from PSRS subsample consumed cannabis.
Genotyping and psRs calculation. DNA in the PSRS subsample was extracted from whole-blood samples. PSRS was calculated by taking linkage disequilibrium-pruned loci 58, 96 . A total of 87 SNPs that could be mapped to one of the top SNPs of the 108 loci associated with schizophrenia and that survived quality control were used to calculate the PSRS. The number of risk alleles per person was weighted for each SNP by the logarithm of its odds ratio as reported in the PGC SZ data set and summed across SNPs 97 . The PSRS was then corrected for the first 20 genotypic principal components (PCs) and the number of SNPs used to calculate the PSRS by using the z-transformed residuals of a linear regression.
Acquisition and analysis of MRI data. We obtained structural MRI scans within an average of 25 days after entry into our early detection service, using a 3 T MR imaging scanner (Siemens Magnetom Verio, Siemens Healthcare, Erlangen, Germany) with a 12-channel phased-array radio frequency head coil. For structural images, a 3D T 1 -weighted magnetisation-prepared rapid gradient echo sequence was used with the following parameters: inversion time: 1000 ms, flip angle = 8 degrees, repetition time = 2 s, echo time = 3.37 ms, field of view = 25.6 cm, acquisition matrix = 256 × 256 × 176, resulting in 176 contiguous sagittal slices with 1 × 1 × 1 mm 3 isotropic spatial resolution. All scans were screened for gross radiological abnormalities by an experienced neuroradiologist. N = 16 subjects were excluded due to erroneous MR scans (2 FEP, 11 CHR-P and 3 HC).
MR images were processed through Freesurfer 6.0 automated segmentation pipeline (https://surfer.nmr. mgh.harvard.edu/fswiki/recon-all/). A total of 41 parcellated brain regions were obtained using the recon-all fully-automated directive workflow with the default Deskian-Killiany atlas. The workflow included motion correction, brain extraction, Talairach transformation, segmentation of cortical and subcortical structures, intensity normalization, gray matter-white matter boundary tessellation, and topology correction. Results were visually inspected and statistically evaluated for outliers following standardized ENIGMA protocols for cortical and subcortical structures (http://enigma.ini.usc.edu/protocols/imaging-protocols/) and outlier removal was performed with the code provided by the ENIGMA Consortium (http://enigma.ini.usc.edu/protocols/imaging-protocols/) and continued if the regional value was not in a range of ±3.5 standard deviations. Subsequently, cortical thickness, surface area and subcortical volume of all 41 brain areas were normalised with respect to intracranial volume and centred.
After the quality check of the main study population (Table 1) , the full sample, with and without PSRS data, consisted of combined 22 CHR-P and 11 FEP subjects treated with antidepressants, 45 CHR-P and 57 FEP individuals without antidepressant treatment and 55 healthy controls. (Tables 1  and S1 ). Additionally the Pearson correlation coefficient was calculated for BPRS 98 , SANS and GAF score correlated with the anatomical data of each separate region. Current mean antidepressant dose was converted into fluoxetine equivalents 94 .
To investigate the medication effect on brain morphology (cortical thickness, surface area and subcortical volume), we constructed several linear mixed effect models (LME) that contained current converted antidepressant medication dose, diagnosis, sex, age, hemisphere, and interaction between current daily medication dose and hemisphere as fixed effects and intercept for every subject as random effect for each brain region. To test the hypothesis that antidepressant medication effects on cortical and subcortical structures varies in subjects with different genetic predisposition for psychosis, we constructed LME that included current converted medication dose of antidepressants, corrected PSRS score, interaction between daily medication dose and PSRS, diagnosis, sex, age, hemisphere and interaction between medication, PSRS and hemisphere as fixed effects and intercept for subject as random effect. LMEs were summarized by an ANOVA type 2 for medication effects alone (Table 2) and by an ANOVA type 3 for the interaction effects between medication and PSRS score in the PSRS subsample (Table 3) .
Analyses for each region were followed by Tukey's HSD post-hoc test uncontrolled for 41 brain regions studied (Tables S6-S8 , p < 0.05 was considered significant). Likelihood ratio (LR) tests were performed for all of the constructed LME in the corresponding brain regions (Tables S4 and S5 ). Reduced models did not contain [medication] and [medication*hemisphere] effects in the full sample and did not contain the interactions [PSRS*medication] and [PSRS*medication*hemisphere] in the PSRS subsample.
